Abstract. There is preliminary evidence that athletes involved in highintensity sports for sustained periods have a higher probability of experiencing a prolonged second stage of labour compared to non-athletes. The mechanisms responsible for these differences are not clear, although it is postulated that muscle hypertrophy and increased muscle tone in athletes may contribute to difficulties in vaginal delivery. In order to test these hypotheses, we have constructed individual-specific finite element models of the female pelvic floor (one athlete and one non-athlete) and the fetal head to simulate vaginal delivery and enable quantitative analysis of the differences. The motion of the fetal head descending through the pelvic floor was modelled using finite deformation elasticity with contact mechanics. The force required to push the head was compared between the models and a 45% increase in peak force was observed in the athlete model compared to the non-athlete. In both cases, the overall maximum stretch was induced at the muscle insertions to the pubis. This is the beginning of a quantitative modelling framework that is intended to help clinicians assess the risk of natural versus caesarean birth by taking into account the possible mechanical response of pelvic floor muscles based on their size and activation patterns prior to labour.
Introduction
Recent clinical studies suggest that athletes who have engaged in long-term highintensity sports have a higher probability of experiencing a prolonged second stage of labour compared to non-athletes [1] . Obstetricians and midwives have postulated that sustained training may lead to pelvic floor muscle hypertrophy, as well as changes in activation patterns, resulting in increased resistance during vaginal delivery.
One of the most important muscle groups involved in childbirth is the levator ani (LA). It consists of the iliococcygeus, pubococcygeus and puborectalis muscles. The latter two form a muscular sling around the anorectal junction, providing support for the urethra, vagina, and rectum. The iliococcygeus originates at the inner border of arcus tendinous and inserts posteriorly into the coccyx. On activation, these muscles lift upwards and pull the anorectal junction towards the back to narrow the genital hiatus [2] .
For ethical and technical reasons, it is very difficult to record the LA muscle activity during childbirth. In order to gain a quantitative understanding of the role of pelvic floor muscles during childbirth, we have set up a modelling framework to simulate vaginal delivery using individual-specific pelvic floor geometries. In this study, we investigate the effect of muscle hypertrophy (in the absence of muscle activation) on the mechanical response of the pelvic floor by comparing models of an athlete and a non-athlete.
Geometric Modelling

Female Pelvic Floor of Athlete and Non-athlete
In a study conducted by Kruger et al [3] , 27 nulliparous (women who have never given birth) underwent magnetic resonance (MR) imaging of the pelvic region, using a Siemens Magnetom Avanto 1.5T scanner. Two sets of MR images have been released to this study (due to ethical constraints): one from an athlete and one from a non-athlete. For each subject, thirteen components of the pelvic floor (see Fig. 1 ) were segmented and fitted using cubic Hermite finite element meshes to provide smooth C 1 -continuous geometric surfaces [4] . 
Fetal Head
The fetal head surface data was obtained by laser scanning a skull replica produced by ESP Ltd [5] . The region of the skull representing the vault (two frontal bones, two parietal bones, two temporal bones and one occipital bone) was used to create the fetal head model [2] . This area is in direct contact with the birth canal during the second stage of labour. The given surface data was extrapolated into a volumetric data set using a constant 5 mm bone thickness. The fitted tri-cubic Hermite mesh consists of 280 nodes and 117 elements (6720 geometric degrees of freedom). Dimensions of the head are illustrated in Fig. 3 [2] .
Methods
During the second stage of labour the head is pushed through the pelvis because of uterine and abdominal muscle (voluntary) contractions. The interactions between the head and the LA can be modelled using frictionless contact mechanics. Our in-house software CMISS 1 was used to simulate this process. Sec. 3.1 provides a brief overview of the modelling framework. Please refer to Bonet and Wood [6] , and Wriggers [7] for more details.
Finite Deformation Elasticity Coupled with Contact Mechanics
For finite deformation mechanics [6] , the Lagrangian Green's strain tensor, E, is described as:
F is the deformation gradient tensor, describing the mapping between two line segments dX and dx, where X and x represent the initial and deformed The equations governing motion can be converted into a weak form using the principle of virtual work:
where σ is the Cauchy stress tensor, δu is the field of virtual displacements, b denotes the body force, and t is the surface traction. The integrals are performed over a reference volume V and its bounding surface S. Here the principle of virtual work is modified to include two contact bodies and an extra contact term to penalise penetration between the two:
where i is the index denoting the two contact bodies, i = 1 is the slave (LA) and i = 2 is the master (head), n is the normal vector defined at the master surface, δu (i) are the virtual displacements associated with the slave or the master, and S (1) c is the contact surface defined on the slave. The contact force f c is evaluated using the method of cross-constraints [8] :
where f c and k c are estimates of the contact force and stiffness, respectively, and g is the gap function, describing the amount of penetration.
Modelling Parameters and Boundary Conditions
Both the LA and the fetal head were assumed to be isotropic, homogeneous, and incompressible. Their mechanical behaviours were characterised using neo-Hookean material descriptions, where the strain energy function is described as:
where I 1 is the first principal invariant of C and c 1 is a material constant. In this study, we have used a c 1 value of 10 kPa for the LA muscle, which has been averaged from previous studies [9, 10, 11, 12] . The c 1 value for the fetal head was assumed to be 10 times larger than that of the LA in order to differentiate the stiffness between fetal bone and maternal soft tissues. Simulations were initiated by placing a well flexed head above the iliococcygeus. The head was then displaced through the LA over several steps until the biparietal diameter (BPD) was passed through the pelvis, which marked the crowning of the head. The degree of descent was controlled by altering the vertical coordinates for all top nodes of the head.
It was assumed that the head presents in an occiput anterior position (i.e., the fetus was facing the mother's back) on engaging the iliococcygeus and the muscle responded passively. By obstetrical conventions, the displacement of the fetal head was calculated with respect to a line joining the maternal ischial spines. A descent below the ischial spines was considered positive.
A support mesh was added to the LA, which represents arcus tendinous, part of obturator internus muscles, obturator fascia, and pubis at the front (see Fig. 1 ), all described by the same constitutive relations as the LA. The pelvic floor muscles were fixed at their attachment points to coccyx. The support mesh was fixed laterally at the ischial spines and anteriorly at the pubis.
Results
To quantify the level of difficulty during labour, we have estimated the reaction forces (by summing the vertical reactions at all top nodes) on the fetal head at each displacement step. These forces were normalised with respect to the maximum value found in the non-athlete model. Fig. 4 shows the evolution of normalised force versus fetal head descent. Simulations commenced at 25 mm and 10 mm below maternal ischial spines for the athlete and the non-athlete, respectively. This is caused by the difference in inter-individual anatomy, which leads to initial contacts at different positions. In both cases, the magnitude of the force exerted on the head increased monotonically until reaching a peak. The force then declined quickly and dropped below zero as the BPD descended out of the pelvis. A greater force was required to achieve delivery for the athlete compare to the non-athlete, with a 45% (1787 kN) increase in the peak value. Fig. 5 illustrates the relationship between the principal stretch ratio and fetal head descent at four separate locations in the models. The overall maximum stretches were induced at positions D and C for the athlete and the non-athlete, respectively, and reached similar peak values (3.25 and 3.20, respectively). The stretch ratios at A and B were also similar.
Discussion
Biomechanical modelling of the second stage of labour is complicated because it requires detailed morphological descriptions of the pelvic floor structures, with very sparse data [13, 14, 15] . In this study, we have presented a quantitative modelling framework by integrating available information (e.g. detailed individualspecific pelvic floor geometries), to investigate regional loading and to compare pelvic floor muscle mechanics between an athlete and a non-athlete.
Our results indicate an increase in the peak force of 45% for the athlete, consistent with the need for more effort during delivery. The overall maximum principal stretches were induced at the lateral insertion points (to the pubis) for both models, with muscle elongations of more than 3.2 times their original length. However, in the case of the athlete, the maximum stretch was found in the support mesh instead of LA. As these results are limited by the assumptions made in the current model, further investigations are essential for other factors to be taken into account. For example, the pelvic floor muscles are unlikely to be passive without epidural anaesthesia during the second stage of labour. The difference in residual tone between athlete and non-athlete is likely to introduce significant changes in the stress distributions and thus kinematics. The effect of anisotropy will be studied in the future by introducing muscle fibers. Heterogeneity will also be incorporated into the model by defining different material parameters for tissues surrounding the LA. The material parameters are best determined experimentally, however few quantitative data are available. One possibility that we are investigating is the use of a compliance device to evaluate the pelvic muscle strength for each individual [16] . The birth process involves a series of movements of the fetal head (rotation, flexion and extension) in order to negotiate its way through the maternal pelvis, during which time the head moulds as part of the adaptation process [2] . These changes, as well as the effects of the baby's body, will also need to be considered in the future.
